Abstract The mean sarcomere length (SL) of guinea-pig cardiac myocytes was recorded simultaneously with the whole-cell current under voltage-clamp conditions. After blocking both sarcoplasmic reticulum (SR) and L-type Ca 2+ channels with ryanodine, cyclopiazonic acid and nicardipine, strong depolarizing pulses induced only the tonic component of SL shortening through the reverse mode of Na + /Ca 2+ exchange (NCX 
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Abstract The mean sarcomere length (SL) of guinea-pig cardiac myocytes was recorded simultaneously with the whole-cell current under voltage-clamp conditions. After blocking both sarcoplasmic reticulum (SR) and L-type Ca 2+ channels with ryanodine, cyclopiazonic acid and nicardipine, strong depolarizing pulses induced only the tonic component of SL shortening through the reverse mode of Na + /Ca 2+ exchange (NCX). A positive staircase of SL shortening was observed on applying a train pulses to +60~+100 mV at 2 Hz and trans-membrane Ca 2+ 2+ buffering was characterized by a lumped single-component system with a maximum binding capacity of 200 M and a dissociation constant of 613 nM. Despite the decrease in driving force, the amplitude of the outwards I NCX at +60 mV gradually increased along with the positive staircase. The model simulation suggested that this increase of outwards I NCX is caused by a dramatic increase in Ca 2+ -mediated activation of NCX.
Introduction
The transient increase in intracellular free Ca 2+ concentration ([Ca 2+ ] i ) is a pivotal step in excitation-contraction coupling in cardiac myocytes. Even so, the amount of Ca 2+ released from the sarcoplasmic reticulum (SR) is much larger than the peak Ca 2+ transient during membrane excitation. If the Ca 2+ release is assumed to have a triangular time course with a half-duration of 10-20 ms and a peak of SR Ca 2+ release rate of 4 mM/s (4.2 mM/s [27] or 3-5 mM/s [26] ) then the total amount of Ca 2+ released is of the order of 200-400 M/twitch. This indicates that most of the released Ca 2+ is bound promptly to Ca 2+ binding sites within the cell. This cytoplasmic Ca 2+ buffering therefore plays a major role in determining the profile of the time-dependent Ca 2+ transient under physiological conditions.
In 1983, Fabiato estimated cellular Ca 2+ buffering using the reported values of the concentrations and dissociation constants (K d ) of the known intracellular Ca 2+ binding molecules [8] . Subsequently, a direct measurement was made by titrating a suspension of digitonin-permeabilized cells with Ca 2+ [1, 13] . However, this approach requires the difficult measurement of the total cytosolic volume of cells included in the suspension. In single-cell experiments, changes in [Ca 2+ ] i can be measured using a fluorescent indicator, while recording Ca 2+ -mediated ionic currents [2, 30] . In this case, the intracellular buffer consists of intrinsic Ca 2+ binding sites as well as the extrinsic fluorescent Ca 2+ probe and accurate measurements of the actual concentration of the added buffer can be difficult to obtain.
The present study aimed to determine the maximum Ca 2+ binding capacity (B max ) and the apparent 
Materials and methods

Cell preparation
All experiments using guinea-pigs were done according to the guidelines laid down by the Kyoto university animal welfare committee. Ventricular myocytes were dissociated from guinea-pig hearts according to [21, 24] . Guinea-pigs weighing 250-400 g were anaesthetized with pentobarbitone sodium (>0.1 mg/g). The heart was excised and mounted on a Langendorff apparatus to perfuse the coronary artery via the aorta. After perfusion with 50-100 ml control Tyrode solution, about 50 ml of a nominally Ca 2+ -free Tyrode solution was applied to stop the heart beating. Nominally Ca 2+ -free Tyrode solution containing collagenase (0.3 mg/ml, Worthington type 1) was perfused for 13-15 min. Finally the perfusate was switched to a high-K + , low-Cl solution (a modified KB solution [14] ). After removing both the atrium and the free wall of the right ventricle, myocytes were dissociated from the left ventricle in the modified KB solution. The medium of the cell suspension was switched to MEM (ICN Biochemicals, Aurora, Ohio, USA). The cells were used within 8 h of isolation.
Solutions
The control Tyrode solution contained (in mM): 140 NaCl, 5. In all experiments, the temperature of the bath solution was kept at 36-37 C.
Electrophysiological recording
The whole-cell voltage-clamp mode of the patch-clamp technique was used. The electrical resistance of the patch electrodes was 2-3 MW when filled with the pipette solution.
Measurement of SL
The SL of single myocytes was measured by projecting the sarcomere pattern on to a linear image sensor mounted on an inverted microscope at a sampling rate of 0.5 kHz. Technical details are as described elsewhere [23, 24] . Mean SL was obtained from more than ten sequential sarcomeres.
Determination of the cell volume
To determine the values of B max and K d for cytoplasmic Ca 2+ buffering, it is necessary to determine the cell volume (V cell ) accessible to Ca 2+ . For this purpose, the optical area of ventricular cells used in experiments was measured using a CCD camera (Sony). The optical area determined by this method was 2740€241 m 2 (mean€SEM; n=6). According to morphometric analysis of dissociated ventricular myocytes [25] , the total volume of mitochondria, nucleus and transverse tubules was 39.9% of cell volume. Assuming a volume fraction of 60% for more than 2 min and confirmed that the block of inwards I NCX by 2 mM Ni 2+ was complete by comparing with the block induced by 10 mM Ni 2+ in preliminary experiments. The lower concentration was therefore used to avoid the effect of heavy metal ions on other background currents.
Results
Dissection of a contraction component independent of SR and I Ca,L
A prerequisite for measuring Ca 2+ buffering in the intact cell is the elimination of the SR contribution before measuring the relationship between sarcolemmal Ca 2+ flux and [Ca 2+ ] i . We aimed to limit the transmembrane Ca 2+ flux to NCX, and to increase I NCX by using a pipette solution containing 10 mM Na + . These experimental conditions were achieved, as shown in Fig. 1A1 , in which control recordings of both membrane current and mean SL are shown. The holding potential was set at 70 mV to remove the voltage-dependent, ultra-slow inactivation of L-type Ca 2+ channels [5, 29] and a conditioning pulse to 50 mV was applied for 50 ms to inactivate Na + channels. The inwards current elicited by this conditioning pulse was most probably Na + current, since no obvious contraction was triggered by this inwards current. A typical phasic contraction (indicated by the open triangle in the middle panel of Fig. 1A1 ) was evoked by the test pulse to 0 mV, followed by the tonic component (filled triangle). Mean results from 11 cells are shown in Fig. 1B1 for the voltage dependence of the phasic contraction (filled circles) and I Ca,L (open circles). Both the phasic contraction and I Ca,L had the usual bell-shaped voltage dependence with maxima near 0 mV. This finding confirms that the phasic contraction represents physiological excitation-contraction coupling triggered by I Ca,L [3, 4, 18, 19, 31] . At +70 mV, neither the inwards I Ca,L nor the phasic component of SL shortening was visible (Fig. 1A1 , right panel), but the phasic contraction was evoked at the pulse offset, most probably due to the Ca 2+ influx through the non-inactivated Ca 2+ channels. To distinguish the tonic component of contraction from the phasic one, SR function was suppressed by exposure to ryanodine and CPA ( Fig. 1A2 and B2 ). Under this condition the phasic contraction at the test pulse to 0 mV was markedly depressed, and the plot of the DSL/ voltage relationship showed slight voltage dependence with a maximum at 0 mV (Fig. 1B2 ). This voltagedependent DSL component might be due to Ca 2+ influx via I Ca,L at 3.6 mM [Ca 2+ ] o . In support of this, the phasic contraction was suppressed when I Ca,L was blocked by nicardipine in addition to the inhibition of SR ( Fig. 1A3  and B3 ). In the experiments above, a pipette solution containing 10 mM Na + was used. If 5 mM Na + was used, however, the tonic contraction was not observed in 13 out of 15 experiments. Furthermore, the tonic contraction was inhibited by applying 2-10 mM Ni 2+ (see Fig. 2A2 ). These facts suggested that Ca 2+ influx through the reverse mode of NCX was evoking the tonic contraction. Thus, all experiments described below were performed in the presence of CPA, ryanodine and nicardipine in control Tyrode solution containing 1.8 mM Ca 2+ .
Staircase independent of SR and I Ca,L
In preliminary experiments, we searched for an optimal pulse protocol, with which the intracellular Ca 2+ buffering could be titrated to varying extents by the Ca 2+ influx through reverse-mode NCX. The most relevant one is shown in Fig. 2A1 , where a 300-ms test pulse at +60 mV was applied from a holding potential of 80 mV, at an interval of 200 ms after a rest period of more than 1 min. Since the reversal potential of I NCX (E NCX ) was approximately 40 mV for 3Na ] pipette is assumed to be 100 nM), I NCX is inwards at the holding potential and outwards at the test pulse of +60 mV. To increase the signal-to-noise ratio, larger amplitudes of I NCX and SL shortening were desirable in the present study. If we applied the test pulse to potentials more positive than +60 mV, however, the enhanced SL shortening caused irreversible changes in the cell shape in most experiments. Figure 2A1 shows a representative staircase of SL shortening (lower record) induced by a pulse train to +60 mV. Within the initial 4-5 s, there was little change in the whole-cell current (upper record) except for slight time-dependent activation and deactivation of the delayed rectifier K + current (Fig. 2B1, indicated by the open circles). Thereafter, both the outwards current during the depolarizing pulse and the inwards tail current on repolarization progressively increased in amplitude. In parallel with these current changes, mean SL shortened during depolarization and relaxed during the pulse interval (Fig. 2B1) . The time course of SL shortening was approximately linear during the test pulse, and the corresponding to experimental conditions in A1-3. Means€SEM; n=11 (B1), 10 (B2) and 9 (B3). The amplitude of the phasic contraction (DSL) was measured from the reference level of SL at the holding potential. When the phasic peak was not obvious, as in the right panel (A1), the value of SL was measured at 40 ms into the pulse, which corresponds to the peak time of the phasic contractions (30-50 ms) peak appeared with a delay of 30-40 ms after the offset of the test pulse. As SL shortening became larger, the relaxation at 80 mV became incomplete, so that the SL at 80 mV gradually shifted downwards, accompanied by an inwards shift of the holding current (Fig. 2A1) .
These changes in both membrane current and SL shortening evoked by the pulses were completely inhibited by 2 mM Ni 2+ as shown in Fig. 2A2 and B2, except the voltage-dependent activation of the delayed rectifier K + current. This indicates strongly that the major component of the whole-cell current is I NCX , and that the changes in mean SL are indeed due to Ca 2+ flux via I NCX .
Relationship between SL shortening and Ca 2+ flux through NCX
The positive staircase shown in Fig. 2 should be related to the gradual saturation of intracellular Ca 2+ buffering by the net Ca 2+ accumulation during the train pulse protocol [11, 15, 17] [24] . Figure 3A shows a representative Ni
2+
-sensitive current, obtained by subtracting the whole-cell current recorded after superfusing the cell with Ni 2+ from the control record. During the course of the train pulses, both the outwards current during depolarizing pulse and inwards tail current at the holding potential gradually increased. The outwards current during the depolarizing pulse was nearly flat in most experiments, or showed a slight time-dependent increase or decrease.
Since K + conductances were not blocked in this experiment, we could not completely exclude possible contamination by K + currents in the Ni 2+ -sensitive current. However, the tail current recorded at 80 mV, which is close to the K + equilibrium potential (86 mV), should be free from this contamination. Figure 3B shows the analytical method; the top panel shows the time integration of the tail current. Here, the current trace obtained by the first pulse was used as the reference level for estimating the amplitude of I NCX , instead of using the absolute current zero level. This approximation was necessary since the background current level shifted slightly during the Ni 2+ application for unknown reasons. The amplitude of SL relaxation (DSL) was measured as the difference between the peak of shortening and the SL level just before the successive contraction, as indicated by the arrow c in Fig. 3B bottom panel. The amplitude of the peak shortening of SL was measured from the SL level before applying the train pulse as indicated by the arrow b.
In Fig. 3C , the magnitude of DSL was plotted against the magnitude of the time integral of I NCX ( R I NCX dt) during the train pulse; for convenience the signs of both parameters were inverted. As plotted in Fig. 3C , the slope 
Here, we aim to determine the value of B max and K d from the experimental data. The value of [Ca 2+ ] i was estimated using the [Ca 2+ ] i /SL relationship [24] :
where SL max and SL min are the maximum and minimum SL, respectively, and were introduced to normalize the variation in the resting SL among different cells. n Hill is the Hill coefficient and K 1/2 is the [Ca 2+ ] i at which SL is half maximal. By defining x=SL max SL and a=SL max SLmin , then from Eqs 1 and 2: 
Here, the value of d½Ca 2þ total dx can be approximated by
, and x by (bc/2) determined experimentally, as shown in Fig. 4 . The solid line in Fig. 4 was drawn by fitting Eq. 4 to the data by least-squares fitting. Assuming values of a=0.4 m, K 1/2 =519 nM and n Hill =4.42 as according to the original paper [24] , the theoretical curve in Fig. 4 gives a B The amplitude of outwards I NCX during the depolarizing pulse increased as the positive staircase of contraction developed (Fig. 2) . However, the electrochemical driving force for the outwards I NCX should decrease when [Ca 2+ ] i is increased. We examined if this increase in I NCX could be explained by assuming Ca 2+ -mediated activation of NCX [9, 32] using a computer model that included the experimentally determined Ca 2+ buffering and the accessible cell volume (see Appendix). Figure 5 shows the reconstruction of the experimental data shown in Fig. 2 . buffering by more than~30% (Fig. 5C, Buffer saturation) . Here, the Ca 2+ -mediated activation of NCX (Fig. 5C , Active NCX) and the increased Ca 2+ influx during depolarizing pulses result in positive feedback with a progressive increase in [Ca 2+ ] i . In fact, the active fraction of NCX increased from 0.03% to 5% during the positive staircase. Since the time constant of the Ca 2+ -mediated activation of NCX is in the range of seconds [9] (8.5 s at [Ca 2+ ] of 0.5 M in the present simulation), the timecourse of I NCX is very shallow during a pulse duration of 300 ms (Fig. 5A ).
In the model simulation of a given pulse protocol, the range of steady cyclic changes in SL or [ Table 1 . Simulations using a simple cell model including Ca 2+ buffering with the characteristics determined in this study strongly suggest that the accumulation of Ca 2+ bound to the buffer, as well as Ca 2+ -mediated activation of NCX, may be involved in the generation of positive staircases in physiological conditions. In this model, the amount of active NCX increased by~200 times from the resting value during the positive staircase.
Limitations of the data analysis
The delayed SL relaxation after the membrane repolarization (Fig. 2B1) may be due to a delayed diffusion of Ca 2+ from the sarcolemma to the core of the myofilament bundle. The slow kinetics of the myofilaments as well as the slow dissociation rate of 30/s of Ca 2+ from troponin C [20] might also complicate the direct comparison between dSL/dt and membrane Ca 2+ flux over the entire course of relaxation at the holding potential. For practical purposes, we examined the relationship between R I NCX dt and the magnitude of relaxation during the pulse interval of 200 ms. Because of this relatively wide time window for the analysis, any fast components of buffering, if present, may not be resolved using the present analytical method.
Applying the steady-state relations (Eq. 2) to the peak of SL shortening might cause a systematic error in estimating Ca 2+ buffering. This possibility was examined by introducing an arbitrary delay in the response of SL(t) to a change in [Ca 2+ ] i :
where SL 0 is the initial value of SL and SL 1 the steadystate value at a given [Ca 2+ ] i (Eq. 2). A time constant (t) of 50 ms simulated well the delay observed experimentally, as shown in Fig. 5A . When comparing peak SL between the two models using Eqs. 2 and 5, the differences are less than 3%.
The estimation of [Ca 2+ ] i from the measurements of SL hinges on the experimental relationship (Eq. 2). Because of the very steep slope, SL changes markedly when [Ca 2+ ] i varies over the dynamic range of 300-700 nM. Thus, the high resolution of the present SL measurement (see [23] ) may allow precise estimation of [ [24] . Although the use of pyruvate in the present study might cause a slight variation in the intracellular pH (pH i ), this pH i is probably within the range in which the relationship between the cell length and pH i is very shallow [28] because of the HEPES buffer used in the pipette solution. We therefore consider that the error caused by applying Eq. 2 to the experimental SL recordings did not induce serious errors in the measurements of cytosolic Ca 2+ buffering. The model calculations allow us to estimate the net flux of Na + caused by the time integral of the experimental I NCX . In the experiment shown in Fig. 5 ] i of 0.5 M and a membrane capacitance of 100-150 pF, I pump is 1.9-2.85 pA, which is very much smaller than the amplitude of I NCX (several hundred picoampere) actually recorded during the positive staircase (Fig. 2) .
The stoichiometry (n NCX ) for NCX was assumed to be 3Na + :1Ca 2+ in the present study. If a stoichiometry of 4Na + :1Ca 2+ is assumed [7, 10] , the amount of Ca 2+ flux for a given time integral of I NCX is half of that estimated from the 3Na + :1Ca 2+ exchange and the experimental value of B max becomes approximately half of that determined in the present study. However, reconstructing the experimental record with the 4Na + :1Ca 2+ exchange results in a self-contradiction. As described in Results, the level of [Ca 2+ ] i in the steady cycle of the positive staircase is determined solely by the relative position of both the holding and test potentials relative to E NCX , regardless of Ca 2+ buffering. If an [Na + ] i of 9 mM is assumed, the [Ca 2+ ] i of 500-600 nM as determined from the SL measurements gives a E NCX of 40-41 mV for 4Na + :1Ca 2+ , compared with 6-7 mV for a 3Na + :1Ca 2+ stoichiometry. Thus, the pulse protocol used in the present study would generate a smaller driving force for the outwards I NCX during the test pulse of +60 mV, and larger driving force for the inwards I NCX at the holding potential. Addition- ally, the movement of two electric charges accompanying the 4Na + :1Ca 2+ exchange would hinder the reverse mode of the NCX, while accelerating the forwards mode, resulting in stronger inwards rectification of I NCX . Thus, the level of [Ca 2+ ] i during the steady cyclic change becomes much smaller (<80 nM) than expected from the SL measurements (500-600 nM). Fujioka et al. [10] ] i depletion at rest.
